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Conjugative plasmidBacteria use type IV secretion systems to transfer genetic material and proteins from donor to recipient cells,
using proteins encoded by conjugative plasmids. Among those proteins the so-called Type IV Coupling
Protein plays a central role in the process. One of the best studied members of this family is TrwB, the
conjugative coupling protein of R388 plasmid. Previous studies indicated that the transmembrane domain
of TrwB plays a role beyond the mere anchoring of the protein to the membrane. TrwB has also been
shown to interact with other conjugative proteins, such as the VirB10-like protein of R388 TrwE. The goal
of this study is to elucidate the role of the different domains of TrwB and TrwE in their biological function,
and in both self- and TrwB–TrwE interactions. To this aim, a series of TrwB and TrwE deletion mutant pro-
teins were constructed. Conjugation and interaction studies revealed that the transmembrane domain of
TrwB, and particularly its second transmembrane helix, is needed for TrwB self-interaction and for R388
conjugative transfer and that there are contacts between TrwB and TrwE in the membrane. On the contrary,
the lack of the TMD of TrwE does not completely abolish R388 conjugation although the interaction between
TrwE–TrwB is lost. These results identify protein–protein interactions inside the membrane needed for T4SS
function.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Type IV secretion systems (T4SS) represent a group of protein
machines used to translocate proteins or protein–DNA complexes
from donor to recipient cells [1,2]. They are classiﬁed into conjugative
(cT4SS), pathogenic (pT4SS) and DNA release/uptake systems [1,3].
Despite the wide diversity of their substrates and functions there
is a conserved set of proteins that are found in most T4SSs [4].
The paradigm of the T4SS is the VirB/VirD4 system encoded by the
Agrobacterium tumefaciens Ti plasmid [3]. The majority of the Gram-
negative T4SSs are constituted by an extracellular pilus (VirB2 and
VirB5 proteins), three ATPases (VirB4, VirB11 and VirD4) that provide
energy and motor force for macromolecular secretion, architecture
assembly and substrate pumping, and a membrane channel that en-
compasses bothmembranes, constituted by VirB3-10 proteins [1,5–7].type IV coupling protein; TMD,
M, n-dodecyl-β-D-maltoside;
HRP, horseradish peroxidase;
xyoctonate; DTBP, dimethyl
um TrwE homolog
34 94 6013500.
rights reserved.Detailed knowledge of the speciﬁc protein–protein interactions in
this highly coordinated mechanism is essential to understand the
overall process. In this respect, the mechanistic knowledge of T4SS
machines has advanced in the recent years due to the availability
of structural information [5,6,8–10]. However, functional data on in
vivo and in vitro interactions and information at the cell level are lag-
ging behind, although they are also needed for a better understanding
of the conjugation mechanism. In particular, the so-called coupling
protein (T4CP) is an essential member of T4SSs because it is thought
not only to connect the substrate to be transported to the transmem-
brane channel but also to provide part of the energy necessary in the
process [11]. In particular, the T4CP of R388 plasmid, TrwB, is an inner
membrane protein comprising 507 residues. The protein is divided in
two domains: i) the N-terminal domain is referred as transmembrane
domain (TMD) [12] and ii) a large cytosolic domain that contains
the characteristic NTP-binding motifs which are responsible for the
potential ATPase activity [13]. TrwB has been actively studied in the
last decades in different forms, namely a soluble deletion mutant
(i.e., TrwBΔN70) [14–17], native TrwB puriﬁed as protein–lipid-
detergent mixed micelles [12,15,18,19], and native TrwB reconstituted
in membranes [20,21]. Structural [10,15,22], biochemical [12,16,19,20],
and biophysical data [18,21,22] have shed light on its biological activity.
The protein self-organizes into a hexamer [10,12]. Its ATPase activity has
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neither in detergent suspension nor in reconstituted protein–lipid com-
plexes [20]. Even more important, differences in nucleotide binding
afﬁnity and speciﬁcity were observed between TrwB and TrwBΔN70,
suggesting that the TMD could regulate its nucleotide binding activity
[12,19,20]. Also, IR spectroscopy studies recently published by our
group [18,21,23] underline the structural and functional importance of
TMD in TrwB.
Regarding T4CP and its interactions with conjugative proteins,
previous investigations [24–27] indicated that TrwE, the VirB10-like
protein of R388 plasmid, interacts with TrwB and with other coupling
proteins from different conjugation systems. VirB10 is a bitopic inner
membrane protein that possesses a transmembrane helix connecting
a short cytoplasmatic element with a large C-terminal periplasmic
domain [28]. VirB10 from Agrobacterium is an ATP energy sensor
[29] and recent structural studies have shown that TraF of the
pKM101 plasmid, a VirB10 analogue, forms homo-oligomers that
interact with VirB7 and VirB9 to form the periplasmic core complex
[1,5,6,9].
Studies in different systems indicate that various proteins would
be involved in either a coordinated or individual manner in the
assembly of T4SSs [30–35]. Nevertheless, the protein–protein interac-
tions needed for such a task at the membrane level have not yet been
elucidated.
In this study, we performed a mutational dissection of TrwB and
TrwE to analyze the role of their different domains in conjugative
transfer and protein–protein interactions, especially focusing on the
functions of their N-terminal domains which link both proteins to
the membrane. We obtained results using bacterial two-hybrid
(BTH), cross-linking, blue native gels and co-immunoprecipitation
techniques that indicate that some important TrwB and TrwE self-
and TrwB–TrwE interactions occur in the membrane.2. Materials and methods
2.1. Bacterial strains
The strains used in this work are shown in Table 1. For conjugation
experiments, DH5α strain was used as donor and UB1637 cells were
the recipients. The adenylate cyclase-deﬁcient strain DHM1 was used
as a host in bacterial two-hybrid (BTH) assays [39–41]. Strain
BL21C41 (DE3) was used for protein overproduction.2.2. Plasmids
Table 2 shows the plasmids used in this work. Table S1 of the
supplementary material contains the set of plasmids constructed in
this work by using standard DNA recombination technology [44]. pET
plasmids (Novagen) were used for over-expression and protein puriﬁca-
tion and for complementation, cross-linking and co-immunoprecipitation
assays. Vectors pT25, pUT18, and pUT18C were used for BTH assay [41].Table 1
E. coli strains used in this work.
Strain (E. coli) Genotype Reference
DH5α F− endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR
nupG Φ80dlacZΔM15 Δ(lacZYAargF)
U169, hsdR17(rK−mK+), λ–
[36], Gibco
BL21C41 (DE3) F− hsds gal (DE3) [37]
UB1637 F− lys his trp rpsL recA56 [38]
DHM1 F−, cya-854, recA1, endA1, gyrA96 (Nal r), thi1,
hsdR17, spoT1, rfbD1, glnV44(AS)
[39], Euromedex2.3. Puriﬁcation of TrwB mutant proteins
Protein TrwB encoded by pUB3 and protein TrwBΔN50 encoded
by pUB6 were expressed in BL21C41 (DE3) cells. TrwB was puriﬁed
as previously reported [20] except that the ﬁnal elution buffer
contained 0.05% (w/v) DDM. TrwBΔN50 was puriﬁed as previously
reported [19] except for some modiﬁcations. Cells that expressed
TrwBΔN50 protein were harvested 20 h after induction with IPTG
(1 mM) at 25 °C and the membrane fraction obtained by detergent
solubilization was applied to a P-11 column (HealthCare) and eluted
with buffer [50 mM Tris–HCl (pH 7.8), 0.1 mM EDTA, 500 mM NaCl,
0.05% (w/v) DDM]. The resulting fractions were supplemented with
20 mM imidazole and 0.1 mM PMSF. Subsequently they were loaded
onto 5 ml HiTrap-Chelating columns (GE Healthcare) connected to a
Pharmacia FPLC system equilibrated with buffer A [50 mM Tris–HCl
(pH 7.8), 0.1 mM EDTA, 200 mM NaCl, 0.05% (w/v) DDM], sup-
plemented with 20 mM imidazole. Proteins were eluted from the col-
umns with a 20–168 mM imidazole gradient in buffer A. The protein
was concentrated using an ultraﬁltration cell with YM-30 ultraﬁltra-
tion membrane of regenerated cellulose (Amicon) to a ﬁnal volume
of 1 ml and loaded onto a 24 ml Superose 6 column (GE Healthcare)
by using Pharmacia FPLC equipment. Gel ﬁltration was performed
in buffer A. The peak fractions corresponding to TrwBΔN50 were
pooled, glycerol was added to a 20% (v/v) ﬁnal concentration, and
the protein was stored at−80 °C. TrwB and TrwBΔN50 protein sam-
ples were separated on Blue Native PAGE Novex 4–16% Bis–Tris gels
(Invitrogen) at 150 V for 30 min and 250 V for 2 h at 4 °C.
2.4. Complementation assays
Conjugative mating experiments were performed with modiﬁcations
of a previously reportedmethod [27]. Brieﬂy, 500 μl of overnight cultures
of donor and recipient strains were mixed, centrifuged and the pellet
placed onto a GS Millipore ﬁlter (0.22-μm pore size) on a pre-warmed
LB-agar plate for 1 h at 37 °C. Then, bacteria were washed from the ﬁlter,
diluted in 2 ml LB, and suitable dilutions plated on selectivemedia (plates
contained streptomycin and trimethoprim for the transconjugants and
only trimethoprim for donors). Conjugation frequencieswere normalized
for the number of transconjugants per donor cell.
2.5. Immunoblot of TrwB and TrwB mutant proteins
BL21C41 (DE3) cells transformed with vectors pUB3, pUB4, pUB5,
pUB6 pUB7, pUB11, pSU4637, pUB12, pUB13, pUB14, pUB15, pUB16
or pUB17 were grown in 10 ml LB supplemented with ampicillin at
37 °C. Cultures were resuspended in 1 ml 50 mM Tris–HCl (pH 7.8),
0.1 mM EDTA, and 200 mM NaCl buffer supplemented with 1 mg/ml
lysozyme. After 30 min in ice, cells were disrupted by sonication and
centrifuged at 7000 ×g for 15 min in order to sediment non-lysed cells.
The supernatant was centrifuged at 100,000 ×g for 1 h at 4 °C, and
the new supernatant and pellet, that constitute the soluble and mem-
brane fractions respectively, were analyzed by Western blotting.
Immunoblotting was performed using as primary antibodies mouse
anti-His (C-term) monoclonal antibody (Invitrogen) and rabbit
serum anti-TrwB [12]; and as secondary antibodies goat anti-mouse
and goat anti-rabbit antibodies conjugated with horseradish peroxi-
dase (HRP) (Invitrogen).
2.6. Bacterial two-hybrid (BTH) assays
Derivatives of strain DHM1 co-transformed with plasmids bearing
T25 and T18 fusions (Table 2) were grown at 30 °C for 48 h. As a pos-
itive control, competent cells were co-transformed with the control
plasmids pKT25-zip and pUT18C-zip. Quantiﬁcation of the functional
complementation mediated by interaction between two proteins, X
and Y, was carried out by measuring β-galactosidase activities in
Table 2
Plasmids used in this work. TRAW, transfer region of the conjugative plasmid R388; AmpR, ampicillin resistance; CmR, chloramphenicol resistance; SuR, sulfonamide resistance; and
TpR, trimethoprim resistance.
Plasmid Description Phenotype Reference
pET22b(+) Expression vector AmpR, C-Terminal−His tag Novagen
pET3a′ Expression vector AmpR, Rep (pMB8) [42]
pSU4637 pET3a′::trwBΔN70 AmpR, Rep (pMB8) [15]
pUB1 pET3a′::trwB AmpR, Rep (pMB8) [12]
pUB3 pET22b(+)::trwB AmpR, His-tag [19]
R388 Natural plasmid SuR, TpR, TRAW, IncW [43]
pSU1443 R388 except trwB gene SuR, TpR, TRAW, IncW [13]
pSU4134 R388 except trwE gene SuR, TpR, TRAW, IncW [27]
pUB4 pET22b(+)::trwBΔN9 AmpR, TrwBΔN9 C-Terminal−His tag This work
pUB5 pET22b(+)::trwBΔN27 AmpR, TrwBΔN27 C-Terminal−His tag This work
pUB6 pET22b(+)::trwBΔN50 AmpR, TrwBΔN50 C-Terminal−His tag This work
pUB7 pET22b(+)::trwBTM AmpR, TrwBN77 C-Terminal−His tag This work
pUB11 pET22b(+)::trwBΔN6 AmpR, TrwBΔN6 C-Terminal−His tag This work
pETDuet1 Expression vector AmpR, His tag and S tag Novagen
pUB12 pETDuet1::trwE AmpR, TrwE C-Terminal−His tag This work
pUB13 pETDuet1::trwEΔN42 AmpR, TrwEΔN42 C-Terminal−His tag This work
pUB14 pETDuet1::trwEΔN64 AmpR, TrwEΔN64 C-Terminal−His tag This work
pUB15 pETDuet1::trwEN91 AmpR, TrwEN91 C-Terminal−His tag This work
pUB16 pETDuet1::trwEN201 AmpR, TrwEN201 C-Terminal−His tag This work
pUB17 pETDuet1::trwEΔN192 AmpR, TrwEΔN192 C-Terminal−His tag This work
pT25 Two-hybrid expression vector CmR, T25 [39]
pT25 zip Two-hybrid positive control CmR, T25-leuzipper [39]
pUT18 Two-hybrid expression vector AmpR, T18 [39]
pUT18C Two-hybrid expression vector AmpR, T18 [39]
pUT18 zip Two-hybrid negative control AmpR, T18-leuzipper [39]
pUB19 pT25::trwB CmR, T25: TrwB This work
pUB20 pT25::trwBΔN6 CmR, T25: TrwBΔN6 This work
pUB21 pT25::trwBΔN27 CmR, T25: TrwBΔN27 This work
pUB22 pT25::trwBΔN50 CmR, T25: TrwBΔN50 This work
pUB23 pT25::trwE CmR, T25: TrwE This work
pUB24 pT25::trwEΔN192 CmR, T25: TrwEΔN192 This work
pUB25 pUT18::trwB AmpR, T18: TrwB This work
pUB26 pUT18::trwBΔN9 AmpR, T18: TrwBΔN9 This work
pUB27 pUT18::trwBΔN27 AmpR, T18: TrwBΔN27 This work
pUB28 pUT18::trwBΔN50 AmpR, T18: TrwBΔN50 This work
pUB29 pUT18::trwBTM AmpR, T18: TrwBTM This work
pUB30 pUT18::trwEΔN192 AmpR, T18: TrwEΔN192 This work
pUB31 pUT18C::trwB AmpR, TrwB: T18 This work
pUB32 pUT18C::trwBΔN9 AmpR, TrwBΔN9: T18 This work
pUB33 pUT18C::trwBΔN27 AmpR, TrwBΔN27: T18 This work
pUB34 pUT18C::trwBΔN50 AmpR, TrwBΔN50: T18 This work
pUB35 pUT18C::trwE AmpR, TrwE: T18 This work
pUB36 pUT18C::trwEΔN42 AmpR, TrwEΔN42: T18 This work
pUB37 pUT18C::trwEΔN64 AmpR, TrwEΔN64: T18 This work
pUB38 pUT18C::trwEN91 AmpR, TrwEN91: T18 This work
pUB39 pUT18C::trwEN201 AmpR, TrwEN201: T18 This work
pUB40 pUT18C::trwEΔN192 AmpR, TrwEΔN192: T18 This work
pUB41 pETDuet1::trwB AmpR, TrwB C-Terminal−S tag This work
pUB42 pETDuet1::trwE::trwB AmpR, TrwE C-Terminal−His tag
AmpR, TrwB C-Terminal−S tag
This work
pUB43 pETDuet1::trwEΔN42::trwB AmpR, TrwE ΔN42 C-Terminal−His tag
AmpR, TrwB C-Terminal−S tag
This work
pUB44 pETDuet1::trwEΔN64::trwB AmpR, TrwEΔN64 C-Terminal−His tag
AmpR, TrwB C-Terminal−S tag
This work
pUB45 pETDuet1::trwEN91::trwB AmpR, TrwEN91 C-Terminal−His tag
AmpR, TrwB C-Terminal−S tag
This work
pUB46 pETDuet1::trwEN201::trwB AmpR, TrwEN201 C-Terminal−His tag
AmpR, TrwB C-Terminal−S tag
This work
pUB47 pETDuet1::trwEN192::trwB AmpR, TrwEN192 C-Terminal−His tag
AmpR, TrwB C-Terminal−S tag
This work
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that when no interaction occurs, the DHM1 strain expresses about
150 units of β-galactosidase/mg bacterial dry weight. Table S2 of sup-
plementary material contains the set of plasmids used in this work to
analyze TrwB or TrwE self-interactions and TrwB–TrwE interactions.
2.7. Cellular location of TrwE protein
BL21C41 (DE3) cells transformed with vector pUB12 were grown
in 500 ml LB at 37 °C. When A600 reached 0.8, 1 mM IPTG was added
and cells were incubated for an additional 4 h at 30 °C with constantshaking. The cell pellet was resuspended in 10 ml cold 10 mM Tris
buffer (pH 7.8) supplemented with 0.75 M sucrose and 0.1 mg/ml
lysozyme and incubated for 5 min in ice. Spheroplasts were formed
by slowly diluting the suspension with 2 volumes of cold 1.5 mM
EDTA at pH 7.0. Samples were sonicated and the resulting lysate
was clariﬁed by centrifugation for 20 min at 8000 ×g at 4 °C. The
pellet containing the membrane fraction was sub-fractionated in a
sucrose gradient as described [45,46]. Three distinct membrane
fractions were obtained following their ultracentrifugation. NADH
oxidase and KDO (2-keto-3-deoxyoctonate) were used as inner and
outer membrane markers, respectively [47]. NADH oxidase and
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ty fraction (top band) as cytoplasmic membrane material, whereas
the high density fraction (bottom band) was puriﬁed as outer
membrane components. The middle density fraction (middle band)
included a mixture of both membranes. The amount of TrwE was
measured by immunoblotting analysis, quantifying the bands in a
BioRad GS-800 calibrated densitometer using Quantity One program.
2.8. Protein interactions by chemical cross-linking assay
Cross-linking experiments were performed using dimethyl-3,3′-
dithiobispropionimidate 2HCl (DTBP) from Pierce. Derivatives of
Escherichia coli BL21C41 (DE3) carrying the appropriate plasmid
(pUB3, pUB5, pUB6, pUB7 or pUB12) were grown in 50 ml culture at
25 °C for 4 h after induction with 1 mM IPTG. Next, cells were
harvested and resuspended in 1 ml 50 mM HEPES (pH 8). Cell debris
removal was carried out by centrifugation at 19,000 ×g for 50 min at
4 °C, and the resultant clear lysates were separated into four 100 μl
aliquots. DTBPwas added immediately to each aliquot to a ﬁnal concen-
tration of 0, 0.5, 5, or 50 mM, respectively. The samples were inverted
gently to mix the suspension, and incubated at room temperature for
1 h to allow cross-linking to occur. The cross-linking reaction was
quenched by adding 1 M Tris–HCl to a 100 mM ﬁnal concentration,
followed by incubation at 23 °C for 10 min. Cross-linked samples
were either immediately analyzed by immunoblotting or stored at
−20 °C until required.
Samples were incubated at 30 °C for 30 min in NuPAGE LDS sam-
ple buffer (Invitrogen). For reducing conditions, 100 mM DTT was
added and samples were boiled for 10 min. Cross-linked complexes
were separated by SDS-NuPAGE 4%–12% polyacrylamide gradient
gel (Invitrogen). Protein transfer onto nitrocellulose membranes
using a Bio-Rad Trans-Blot semi-Dry Transfer Cell was carried out at
15 V for 15 min, and immunoblotting was performed using mouse
anti-His (C-term) monoclonal antibody (Invitrogen) and rabbit
serum anti-TrwB as primary antibodies and HRP-conjugated goat
anti-mouse or goat anti-rabbit as secondary antibodies.
2.9. TrwB–TrwE interactions by co-immunoprecipitation assays
E. coli BL21C41 (DE3) strain was separately transformed with
pUB41, pUB42, pUB43, pUB44, pUB45, pUB46 or pUB47 plasmids, ex-
pressing S•Tag fusion TrwB (Novagen) and His-tagged TrwE mutant
proteins. Cell cultures (50 ml) were grown after induction with
1 mM IPTG for 4 h at 25 °C. Subsequently, they were centrifuged
and the pelleted cells were incubated in 1 ml 50 mM Tris–HCl
(pH 7.8), 100 mM NaCl solution with a protease inhibitor cocktail
(Roche) supplemented with 1% (w/v) DDM with constant shaking
for 1 h at 4 °C. The solubilized material of each culture was separatedFig. 1. Mutant protein design. Schematic representation of TrwB (A) and TrwE (B) mutant p
transmembrane regions are illustrated as shaded boxes. H1 and H2 correspond to transmem
the periplasm is represented as PRR.by centrifugation for 30 min at 70,000 ×g. To identify interactions
between TrwB and TrwE mutant proteins, 450 μl of supernatant was
incubated for 1 h at 4 °C with 50 μl Dynabeads-Protein A (Invitrogen)
previously pre-incubated and cross-linked with anti-His commercial
antibody in order to bind His-tagged TrwE mutant proteins. Beads
were washed three times with 50 mM Tris–HCl (pH 7.8), 100 mM
NaCl and 1% (w/v) DDM. TrwB–TrwE interactions were analyzed by
Western blotting and immunostaining with rabbit serum anti-TrwB
and HRP-conjugated goat anti-rabbit antibody, as primary and sec-
ondary antibodies, respectively.
3. Results
3.1. The transmembrane domain of TrwB is essential for its biological
activity
TrwB is a membrane protein consisting of a small N-terminal, TMD
and a bulky cytosolic domain. In particular, in the TMD a small cyto-
solic stretch of 9 amino acids and two hydrophobic helixes (H1 and
H2) linked by a periplasmic loop can be distinguished. To study the
role of the different structural elements of TrwB on its biological func-
tion, different deletion mutant proteins were constructed (Fig. 1):
i) TrwBΔN6 protein lacks the ﬁrst six N-terminal amino acids of
TrwB, ii) TrwBΔN9 lacks the polar residues Arg7-Lys8, the residue
Val9 and the abovementioned six N-terminal amino acids, iii) TrwB
ΔN27 lacks the small N-terminal cytosolic domain plus the ﬁrst trans-
membrane helix (H1), iv) TrwBΔN50 contains only the second trans-
membrane helix (H2) and the voluminous C-terminal cytosolic
domain, v) TrwBΔN70 represents the C-terminal cytosolic domain
and vi) TrwBTM comprises the ﬁrst 77 amino acids of TrwB and repre-
sents its TMD.
Melting temperatures and secondary structure components of
some TrwB deletion mutant proteins measured by IR spectroscopy
indicate that the overall tertiary structure of those mutant proteins
was maintained [23]. TrwBΔN27 (unpublished data) and TrwBΔN50
[23] mutant proteins maintained their nucleotide binding activity.
In addition, both proteins were isolated from the membrane fraction,
and detergent was needed to extract them from the membrane, indi-
cating that both TrwBΔN27 (unpublished data) and TrwBΔN50 [23]
are membrane proteins. For in vivo complementation analysis, E. coli
donor cells harboring trwB-deﬁcient R388 plasmid pSU1443 [13]
were transformed with plasmids containing either trwB or trwB
N-terminal deletion mutants. Plasmid pUB3 was constructed to ex-
press TrwB wild-type protein and plasmids pUB4, pUB5, pUB6,
pUB7 and pUB11 were designed to express TrwBΔN9, TrwBΔN27,
TrwBΔN50, TrwBTM and TrwBΔN6 proteins, respectively (for more
information see Table 2). pSU4637was used to express TrwBΔN70 pro-
tein [15]. The ability of the trwB mutant genes to restore R388ΔtrwBroteins. Open boxes: cytosolic domain. Hatched boxes: periplasmic domain. Predicted
brane helix 1 and 2 of TrwB, respectively. The proline-rich region that is also located in
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Fig. 3. TrwE cell location. Cell fractions were obtained as described in Materials and
methods section. The TrwE content in each sucrose gradient band (top, middle and
bottom band) was determined by densitometry analysis of Western blots. Top band
corresponds to low density fraction, middle band corresponds to middle density fraction
and bottom band corresponds to high density fraction. TrwE content (black bars), NADH
oxidase activity (white bars) and KDO content (grey bars). In the soluble fraction, none of
the proteins was detected.
Table 3
Transfer frequencies of plasmid pSU1443 (trwB−) or plasmid pSU4134 (trwE−) when
complemented by TrwB, TrwE or their deletion mutant proteins. Transfer efﬁciencies
of plasmids bearing different deletions in trwB or trwE genes are shown. Their comple-
mentation ability was measured in cells harbouring R388 plasmids deﬁcient in trwB
(pSU1443) or trwE (pSU4134) genes. Transfer frequencies are indicated as the number
of transconjugants per donor in standard matings.
Plasmids in donors Complementary protein Conjugation frequenciesa
R388 None 0.21 ± 0.05
pSU1443 None b10−8
pSU1443 + pUB3 TrwB 0.10 ± 0.09
pSU1443 + pUB11 TrwBΔN6 1.00 10−4 ± 2.7 × 10−4
pSU1443 + pUB4 TrwBΔN9 8.82 10−6 ± 2.1 × 10−6
pSU1443 + pUB5 TrwBΔN27 1.26 10−5 ± 2.5 × 10−6
pSU1443 + pUB6 TrwBΔN50 2.54 10−6 ± 1.5 × 10−6
pSU1443 + pSU4637 TrwBΔN70 b10−8
pSU1443 + pUB7 TrwBTM b10−8
pSU4134 None b10−8
pSU4134 + pUB12 TrwE 0.74 ± 4.9 × 10−2
pSU4134 + pUB13 TrwEΔN42 1.69 10−4 ± 1.7 × 10−5
pSU4134 + pUB14 TrwEΔN64 1.22 10−6 ± 1.9 × 10−6
pSU4134 + pUB17 TrwEΔN192 b10−8
pSU4134 + pUB15 TrwEN91 b10−8
pSU4134 + pUB16 TrwEN201 b10−8
a Frequencies were calculated with data from at least ﬁve independent rep-
licas + standard deviations.
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mutated trwB genes was able to restore completely the conjugation
activity of the native gene (Table 3). A signiﬁcant loss of conjugation
activity was observed when the 6 ﬁrst N-terminal amino acids were
removed (TrwBΔN6 mutant protein). In fact, a progressive loss of con-
jugation activity was observed upon gradual removal of the structural
elements of the TMD (i.e., TrwBΔN9, TrwBΔN27 and TrwBΔN50mutant
proteins). Conjugation activity was completely abolished when the
protein lacked the whole TMD (TrwBΔN70).
To prove that the differences found in complementation assays
were not due to deﬁcient expression levels of the mutant proteins,
their expression level was analyzed (Fig. 2A). It was observed that
all mutant proteins presented sufﬁcient expression levels and that,
except for TrwBΔN70, they were located in the membrane fraction
as expected. Besides, according to de Paz and co-workers [25] TrwB
is in excess under standard conjugation conditions, indicating that
the frequency differences observed are not caused by differences in
the expression levels.
3.2. The C-terminal domain of TrwE is essential for R388 conjugation
TrwE is the VirB10-like protein of R388. It is a bitopic membrane
protein that contains a small cytosolic domain comprising the
N-terminal 41 amino acids, and a transmembrane helix that connects
the cytosolic domain with a large periplasmic domain. As predicted by
TMPred (http://www.ch.embnet.org/software/TMPRED_form.html),
the protein has two putative TMDs, one of them including aminoFig. 2. Western blots to assay wild-type TrwB and TrwE proteins and mutant protein
expression levels. (A) Expression of TrwB and its deletionmutant proteins. No degradation
bands were observed and only the portion of the nitrocellulose membrane containing the
band is shown for convenience. (B) Expression of TrwE and its deletion mutant proteins.
TrwE, TrwEΔN42, TrwEN91 and TrwEN201 were detected in the membrane fraction
while TrwEΔN64 and TrwEΔN192 were detected in the soluble fraction.acids 43–63 that connects the cytosolic domain and a large periplasmic
domain, and a second one, with a lower score, constituted by amino
acids 301–324 that is likely connected to the outer cell membrane.
Similarly, the crystal structure of TraF conﬁrmed that the VirB10-like
protein of plasmid pKM101 spans both membranes of Gram-negative
bacteria [5]. In the large periplasmic domain, as other VirB10-like pro-
teins, TrwE also shows a Proline Rich Region (PRR) located between
amino acids 70 and 169 and the C-terminal domain that comprises
residues 193–395. This latter domain could be in contact with the
outer membrane through the aforementioned second transmembrane
domain.
First, to study the role of the cytosolic domain of TrwE in its biolog-
ical activity, the TrwEΔN42mutant proteinwas constructed. It lacks the
small cytosolic N-terminal fragment (amino acids 1 to 42) (Fig. 1). A
decrease in conjugation frequency of more than three orders of magni-
tude in relation to R388 was observed (Table 3). Then, the effect of
removing the small cytosolic domain plus the transmembrane helix
on the transfer capacity of TrwE was studied (TrwEΔN64 mutant
protein) (Fig. 1). A decrease of two orders of magnitude of the transfer
capacity in comparison to the previously described protein was ob-
served (Table 3).When the small cytosolic domain, the transmembrane
helix and the PRR were removed (TrwEΔN192 mutant protein) and a
complete loss of conjugation activity was observed (Table 3). Finally,
mutant proteins that lacked either the PRR and the C-terminal region
or the C-terminal region (Fig. 1, TrwEN91 and TrwEN201 mutant pro-
teins, respectively) completely lost their conjugation capacity (Table 3).
To exclude that the results described above were due to deﬁcient
expression of the mutant proteins, expression levels of TrwE and its
deletion mutant proteins were analyzed by Western blotting
(Fig. 2B). The Fig. 2B shows sufﬁcient expression level of the mutant
proteins that, except for TrwEΔN64 and TrwEΔN192 mutant proteins,
were localized in the membrane fraction.
3.3. TrwE is mainly anchored to the inner membrane
To study the intracellular localization of TrwE, total protein lysate of
E. coli BL21C41 (DE3) containing plasmid pUB12 (Table 2)was separated
into soluble, inner membrane and outer membrane fractions. As shown
in Fig. 3, most of TrwE co-localized with the NADH oxidase activity in
the upper band of the gradient, indicating that the majority of TrwE
was anchored to the bacterial inner membrane.
Fig. 4. In vivo protein–protein interactions measured by bacterial two-hybrid
(BTH) assay. The appropriate plasmid pairs were introduced in the DHM1 strain
in the absence of other conjugation proteins, and β-galactosidase activity was
assayed. (A) TrwB-TrwB interactions. (B) TrwB–TrwE interactions. (C) TrwE–TrwE
interactions.
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mutant proteins
Complementation studies (Table 3) demonstrated that the TMD of
TrwB is essential for R388 conjugation. This result led us to study
TrwB self-interactions and interactions with other conjugative pro-
teins in search of their role in the biological activity of TrwB. In fact,
previous studies using random mutagenesis of TrwB indicated that
TrwB interacts with cognate and heterologous VirB10-like proteins
in the membrane [25,27].
To shed further light on the role of the different domains of TrwB
and TrwE in protein–protein interactions, the following studies were
performed. BTH experiments based on the interaction of the T25 and
T18 domains of adenylate cyclase of Bordetella pertussis were
designed and the results of TrwB self-interactions, interactions
between TrwB and TrwE or its deletion mutant proteins and TrwE
self-interactions are shown in Fig. 4 (panels A, B and C, respectively)
(additional information is given in Table S2). Even more, self-
interactions between TrwB and its deletion mutant proteins were
analyzed by DTBP chemical cross-linking in the membrane (Fig. 5).
Additionally, blue native gel electrophoresis was also performed to
analyze TrwB and TrwBΔN50 self-interactions and results are
shown in Fig. 6. Finally, interactions between TrwB and TrwE or its
deletion mutant proteins were studied by co-immunoprecipitation
assays (Fig. 7).
3.4.1. The TMD of TrwB is the minimal element necessary for TrwB–TrwB
interactions
Due to the major role that the TMD of TrwB has shown in different
properties of TrwB [18–21,23], it was interesting to analyze the role of
this TMD in the oligomerization of the protein. Fig. 4A shows the
interactions between TrwB and its deletion derivatives using the
BTH assay. The following interactions: TrwB–TrwB, TrwB–TrwBΔN6,
TrwB–TrwBΔN9, TrwB–TrwBΔN27, TrwB–TrwBΔN50 and TrwB–
TrwBTM were detected. They indicate that the N-terminal domain
of TrwB mediates TrwB–TrwB interactions. It is important to note
that BTH negative results found here (TrwBΔN27–TrwBΔN27,
TrwBΔN27–TrwBΔN50, TrwBΔN50–TrwBΔN50) could be false nega-
tive results due to steric effects that impede to restore the adenylate
cyclase activity [40]. Therefore, to complete the data obtained in
BTH assays, DTBP cross-linking (Fig. 5) and blue native gels (Fig. 6)
were accomplished. Interactions between TrwB–TrwB, TrwBΔN27–
TrwBΔN27 and TrwBΔN50–TrwBΔN50 were observed by DTBP
cross-linking (Fig. 5A). In all cases homo-oligomers (dimers, tetra-
mers and higher molecular weight complexes) were detected. Fur-
thermore, when TrwB, TrwBΔN27 or TrwBΔN50 was not denatured
by heating prior to loading onto the gel they formed stable dimers
even in the absence of cross-linker (Fig. 5A, lanes 0). Similarly, blue-
native gel electrophoresis (Fig. 6) showed that TrwB and TrwBΔN50
were able to self-interact. In particular, the results obtained with
TrwBΔN50 (Figs. 5A and 6) highlighted the importance of the second
transmembrane helix (H2) in TrwB oligomerization.
Interestingly, the TrwB–TrwBTM interaction observed in BTH
assays (Fig. 4A) underlines that the ﬁrst 77 amino acids of the protein
are required to maintain the interactions between TrwB monomers.
Furthermore, cross-linking showed that this domain alone (TrwBTM
mutant protein) forms dimers (Fig. 5B), suggesting that the TMD of
TrwB could be the minimal element necessary for TrwB self-
interactions. On the contrary, TrwBΔN70 self-interaction by DTBP
cross-linking was not detected (Fig. 5C).
3.4.2. The transmembrane domains of TrwB and TrwE are involved in
their interactions
T4CPs are supposed to interact with other proteins of the T4SS. In
particular, interactions between T4CP and VirB10-like proteins have
been already described [24–27] and more speciﬁcally, between TrwE,
Fig. 5. TrwB–TrwB interactions analyzed by chemical cross-linking assay. (A) TrwB, TrwBΔN50, TrwBΔN27, (B) TrwBTM and (C) TrwBΔN70 in presence of the chemical cross-linker
DTBP. After treatment with DTBP the resultant products were separated on a Bis–Tris 4%–12% SDS-polyacrylamide gradient gel. Lanes 0 mean that no cross-linker was added.
(D) Control samples (TrwBTM, TrwB, TrwBΔN27 and TrwBΔN50) were boiled in the presence of 100 mM DTT without previous treatment with the cross-linker. All samples
were then transferred to a nitrocellulose membrane for Western blotting and proteins were detected using speciﬁc anti-TrwB or commercial anti-His antibodies as primary
antibodies and were recognized by HRP-conjugated secondary antibodies.
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formation about the role of the different domains of TrwB and TrwE in
their interaction is needed. In order to do so, interactions between
TrwB–TrwE and their deletion mutant proteins were analyzed by
BTH and co-immunoprecipitation assays (Figs. 4B, 7, respectively).Fig. 6. TrwB (A) and TrwBΔN50 (B) self-interaction conﬁrmed by blue native gel electropho
polyacrylamide gradient gel. M termed lanes correspond to molecular weight markers.Interactions between TrwB and TrwE were observed by BTH assay,
even when TrwE lacked either the cytosolic (TrwEΔN42) or the peri-
plasmic domain (TrwEN91) (Fig. 4B). Similarly, when TrwB–TrwE in-
teractions were analyzed by co-immunoprecipitation, mutant proteins
lacking the TMD of TrwE lost their interaction capacity with TrwBresis. TrwB and TrwBΔN50 were puriﬁed and proteins were loaded onto 4%–16% native
Fig. 7. TrwB interaction with TrwE and its deletion mutant proteins was analyzed by
co-immunoprecipitation. Co-immunoprecipitation was performed with anti-His-Dynabeads.
E. coli BL21C41 (DE3) strain was separately transformed with pUB41, pUB42, pUB43,
pUB44, pUB45, pUB46 or pUB47 plasmids (see supplementary material Table S1).
Co-expression of S•Tag fusion TrwB and His-tagged TrwE or its mutant proteins is described
in Material and methods section. Total cell lysate was incubated with Dynabeads-anti-His
and possible TrwB interaction with either the native form of TrwE or TrwE mutant proteins
was analyzed using anti-TrwB speciﬁc antibodies. pUB41 which only expresses TrwB was
used as negative control (lane named TrwB control-) to prove that TrwB did not show any
unspeciﬁc interaction with the resin.
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detected between TrwB and TrwEN91 or TrwEN201 mutant proteins,
indicating that there are interactions that occur in the ﬁrst 91 amino
acids of TrwE where the transmembrane helix is located (Fig. 7). In
the same way, the TMD of TrwB alone (TrwBTM mutant protein) was
able to interact with TrwE, as shown by BTH assays (Fig. 4B).
Finally, BTH and co-immunoprecipitation showed that TrwB–
TrwE interactions were lost when the transmembrane helix of TrwE
was removed (TrwEΔN64) (Figs. 4B and 7). Nevertheless, the lack
of this interaction does not abolish completely the in vivo activity of
R388 as shown by TrwEΔN64 that maintained part of the conjugation
capability (Table 3).
3.4.3. The TMD of TrwE contributes to TrwE self-interactions
When self-interactions between TrwE and its deletion mutant
proteins were analyzed by BTH technique it was observed that
TrwEΔN42 and TrwEN91 mutant proteins interacted with TrwE
(Fig. 4C). From these results we infer that there are interactions
between TrwE monomers that occur in the membrane or in the
periphery of the membrane, both in the absence of the cytoplasmic
or periplasmic domain of TrwE.
4. Discussion
The coupling protein of plasmid R388, TrwB, is a membrane
protein that consists of a bulky cytosolic domain and a small TMD.
Recently, it has been reported that both TMD and the membrane itself
had an effect on structural and functional aspects of TrwB. IR experi-
ments showed that when the TMD was completely or partially
removed (TrwBΔN70 and TrwBΔN50, respectively) the percentage
of periodically ordered elements of secondary structure decreased
[18,23]. Moreover, when TrwB and TrwBΔN50 mutant protein were
inserted into the membrane (proteoliposomes) a more ordered struc-
ture and a higher denaturation temperature was observed [21,23].
Regarding the nucleotide binding activity, it has been described that
the TMD confers speciﬁcity for purine nucleotides [19]. Even more,when TrwB was inserted into the membrane a strong increment of
the afﬁnity and speciﬁcity for ATP was observed [20]. Nevertheless,
up to date DNA-dependent ATPase activity has been only reported
for the soluble mutant protein TrwBΔN70 [14,16,17]. The fact that
this ATPase activity has not been found in TrwB neither in detergent
nor when inserted into liposomes, and the observed differences in
the afﬁnity and speciﬁcity for ATP between the wild type and the
soluble mutant protein of TrwB, led us to think that the TMD could
regulate the ATPase activity of TrwB by interacting with other R388
conjugative proteins.
There are several studies that report protein–protein interactions
between T4CPs and relaxosomal proteins. In particular, studies on
R388 plasmid [15–17,27], RP4 [48], and R1 [49,50], support the
existence of such contacts. In particular, the abovementioned and
other authors [24–27,31] indicate that T4CP–VirB10 interactions are
a key matter in the conjugative process. However, these studies
describe interactions in the cytosol, while interactions in the mem-
brane remained unexplored.
In this study we have investigated the role of the different
domains of TrwB and TrwE in the R388 transfer capacity as
well as protein–protein interactions between these two proteins.
In order to do so, we constructed deletion mutant proteins of
TrwB and TrwE. Fig. 1 shows deletion mutant proteins used in
this study.
In vivo complementation analysis indicated that the N-terminal 6
amino acids of TrwB are functionally important since the conjugation
capacity of the mutant protein TrwBΔN6 decreases signiﬁcantly,
suggesting that this small fragment that is predicted to be located in
the cytosol could be an important element for the transfer of R388
plasmid probably by its interaction with the relaxosome as previously
described [25]. However, the interaction observed by BTH experi-
ments between TrwB and TrwBΔN6 suggests that those ﬁrst
N-terminal 6 amino acids of TrwB are not essential for TrwB oligo-
merization. Moreover, when the transfer activity of TrwBΔN6 and
TrwBΔN9 was compared, a signiﬁcant decrease in conjugation fre-
quency of TrwBΔN9 mutant protein was observed. The latter protein
lacks the polar residues Arg7–Lys8. In this regard, the importance of
polar residues in the proper insertion of a model transmembrane
helix in the membrane has been demonstrated by von Heijne and
co-workers [51,52]. Therefore, this result may suggest that when
the abovementioned polar residues are removed (TrwBΔN9 mutant
protein) helix H1 could not be properly oriented/inserted in the mem-
brane, affecting thereby the biological activity of the protein. Comple-
mentation assays of TrwBΔN27 and TrwBΔN50 mutant proteins
showed that deletion of the ﬁrst transmembrane helix (H1) preserved
some in vivo activity that was totally abolished when the protein
lacked the whole TMD, losing the membrane anchorage (TrwBΔN70
mutant protein). Previous work has reported the role of the TMD on
biochemical and structural aspects of TrwB [10,12,18–21,23], but
this is the ﬁrst time that the relationship between the different
elements of the TMD of TrwB and the R388 transfer capacity (in
vivo activity) is shown.
When the ﬁrst helix was removed it was observed that TrwBΔN50
mutant protein formed homo-oligomers in the membrane as shown
by cross-linking and when TrwBΔN50 was puriﬁed and analyzed by
blue native gel experiments (Table 4), suggesting that the second
transmembrane helix (H2) could play a key role in TrwB self-
interactions. BTH experiments conﬁrmed the interaction between
TrwB and TrwBTM (Fig. 4A) and cross-linking analysis showed that
not only TrwB forms different oligomers but also that the TMD
(TrwBTM) alone forms dimers (Fig. 5A and B, respectively). On
the contrary, the soluble mutant protein TrwBΔN70 that lacks the
TMD did not form oligomers when studied by cross-linking
(Fig. 5C). These results are in agreement with previous BTH studies,
gel ﬁltration and analytical ultracentrifugation experiments carried
out on soluble mutant proteins of T4CPs that revealed that mutations
Table 4
Summary of conjugation frequencies and protein–protein interactions of TrwB and TrwE proteins. Schematic representation of TrwB and TrwE mutant proteins. Open boxes: cytosolic
domain. Hatched boxes: periplasmic domain. Shaded boxes: predicted transmembrane regions. PRR: Proline Rich Region. Conjugation frequencies. Conjugation frequencies were
normalized to the number of transconjugants per donor cell. Symbols + and – account for positive or negative protein–protein interactions. BTH: bacterial two hybrid assay.
CL: chemical cross-linking. BNG: blue native gel electrophoresis. IP: co-immunoprecipitation. GF: gel ﬁltration. AUC: analytical ultracentrifugation.
Schematic representation
Complementary
protein
Conjugation
Frequencies
In vivo activity Protein-Protein interactions
TrwB TrwB∆N70
TrwB∆N50
TrwB∆N70
TrwE∆N42
TrwE∆N64
TrwE∆N192
TrwB∆N27
TrwB∆N9
TrwB∆N6
TrwBTM TrwE
PRR
BTH +
BTH +
CL +
CL +
BNG +
BTH +
CL +
BNG +
BTH +
BTH +
BTH +
CL +
BTH +
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IP +
BTH +
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BTH +
BTH +
BTH -
BTH -
BTH +
BTH +
IP +
BTH +
IP +
BTH -
IP -
BTH -
IP -
BTH -
IP +
BTH -
IP +
AUC - (*)
G F - (*)
CL -
TrwEN201
TrwEN91
<10-8
<10-8
<10-8
<10-6
<10-8
1.22 10-6
2.54 10-6
1.26 10-5
8.82 10-6
1.00 10-4
1.69 10-4
0.74
0.10TrwB
TrwBTM
TrwE
1 201
PRR
1 91
192 407
407
407
407
64
PRR
PRR
PRR
42
1
1 77
70 507
507
507
507
507
507
50
27
9
6
3
Nt: not tested.
(*) Results obtained from Matilla et. al. [14].
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ular, data from TrwBΔN70 showed that in vitro oligomerization de-
pends on its binding to G4-DNA quadruplex structure [14]. However,
when in vivo oligomerization of full length TraD from F plasmid was
studied it was concluded that DNA binding was not necessary [53].
Previously reported structural work suggests that TMD of TrwB
could be the main responsible for oligomerization of TrwB [10,12]
but this is the ﬁrst time that interaction between the TMD alone has
been described. These results led us to propose that the initial and
main interaction for TrwB oligomerization could occur in the mem-
brane between the helices present in the TMD, although interactions
through the cytosolic domain also occur. In fact, mutations in the nu-
cleotide binding domain of TrwB, TraD of F plasmid or TcpA of pCW3
plasmid did hinder monomer–monomer interactions [25,53,54],suggesting that subsequent interactions in the cytosol would stabilize
the oligomers.
Previous studies on wild type proteins have reported TrwB–TrwE
interactions [26–28,31], as well as interactions between TrwB
and the VirB10 homologs of A. tumefaciens, Bartonella tribocorum
or Brucella suis T4SSs [24,55]. Our experiments using BTH and
co-immunoprecipitation techniques provided new information
about the role of the different domains of TrwB and TrwE in their
interactions (Figs. 4B and 7). In particular, it is the ﬁrst time that
interactions between TrwBΔN6-TrwE, TrwB–TrwEN91, TrwB–TrwE
ΔN42 and especially, TrwBTM–TrwE have been reported. They sug-
gest that there are interactions in the membrane or in its periphery.
In agreement with our ﬁndings, in previous studies no interaction
was detected when a TrwE mutant protein lacking the ﬁrst 64
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was used [27]. Same behavior was observed for Agrobacterium
VirB10 [28], suggesting that the transmembrane portion is needed
for these interactions. Interestingly, mutant proteins TrwEΔN42
and TrwEN91 tested in our work further narrow the interaction
region between TrwB and TrwE, indicating that there are interac-
tions in the membrane in the absence of either cytosolic or periplas-
mic domains of TrwE, including its PRR motif, and also when the
cytosolic domain of TrwB was removed (TrwBTM–TrwE) (Figs. 4B
and 7). In this regard, interactions between T4CPs and VirB10-like
proteins from different T4SSs appear to be slightly different. Studies
with R27 plasmid [26,31] and A. tumefaciens [28] reported that the
periplasmic segment and the PRR of VirB10-like protein were essen-
tial for TraG–TrhB and VirB10–VirD4 interactions. Similarly, interac-
tion studies between different TrwB cytosolic mutant proteins and
TrwE or VirB10-homologs from Bartonella tribocorum suggested
that the soluble domain of TrwB was not involved in TrwB–TrwE
and TrwB–TrwEBt interactions [25].
Our location studies of TrwE conﬁrmed that this protein is mainly
anchored to the inner membrane of E. coli in absence of other R388
conjugative proteins as predicted for other VirB10 homologs [28,56].
Conjugation assays demonstrated that the periplasmic domain was
essential for TrwE biological activity, in agreement with the results
observed for VirB10 [28]. Nevertheless, when the N-terminal portion
(the cytosolic segment and the transmembrane helix) of TrwE was
removed, the conjugation capacity diminished but it was not
completely abolished. These results suggest that the membrane an-
chorage of TrwE is important for the correct formation of the T4SS
and for the interaction with the coupling protein as described by
other authors [5,27,28]. However, despite the lack of membrane an-
chorage its transfer capacity is partially maintained, suggesting that
the membrane anchorage could be overcome by interactions of the
periplasmic domain of TrwE with other proteins that form the T4SS.
Recently, structural studies on plasmid pKM101 divided the T4SS
core complex in two layers: the inner (I) layer that is composed of
the N-terminal of TraF and TraO and the outer (O) layer that is mainly
composed of the C-terminal domain of TraF and TraO and the whole
protein TraN [6]. This structure could be similar to the T4SS core
complex of the R388 plasmid as shown by the fact that when the
N-terminal of TrwE is removed (TrwEΔN64) the plasmid did not
completely lose the conjugation capacity (Table 3), indicating that
the periplasmic domain of TrwE could maintain the necessary inter-
actions with TrwH and TrwF proteins to build the T4SS core complex,
as it was observed for TraF from pKM101 [6]. Similarly, studies with
VirB10 from A. tumefaciens, demonstrated that a mutant protein
without cytoplasmic and TMDs formed a precipitable complex with
VirB7–VirB9 although it failed to interact with VirD4 [28]. Studies
on VirB10-like proteins point to the periplasmic domain as respon-
sible for self-interactions [26,55]. Our results showed that there
also exist important contacts that involve the N-terminal domain
of TrwE in absence of the periplasmic domain (TrwE–TrwEN91
interactions).
Our previous studies reported the effect of the TMD of TrwB on its
in vitro activity and stability [18,19,21,23]. In this work the important
role of this domain in transfer capacity, self-interaction, and interac-
tion with other proteins of the secretion apparatus (i.e., TrwE) has
been described. This study has determined that the TMD of TrwB is
necessary for its biological activity and for TrwB self-interactions.
Moreover, we found that the TMDs of both TrwB and TrwE proteins
are involved in TrwB–TrwE interactions. Our data suggest that,
although the conjugation capacity of R388 is not completely lost
when TMD of TrwE is removed, TMD does take part in TrwE
self-interactions. In conclusion, this work underscores the role of
the membrane and the TMD of TrwB and TrwE in the T4SS function.
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